Leptospirosis is a bacterial disease that represents a major problem in animal and public health 21 due to its high prevalence and widespread distribution. This zoonotic disease is most prevalent in 22 2 tropical environments where conditions favor pathogen survival. The ecological preferences of 23 Leptospira serovars are poorly understood, limiting our knowledge of where and when outbreaks 24 can occur, which may result in misinformed prevention and control plans. While the disease can 25 occur consistently in time and space in tropical regions, research on the ecology of Leptospirosis 26 remains limited in subtropical regions. This research gap regarding Leptospira ecology brings 27 public and veterinary health problems, impacting local economies. To fill this gap of knowledge, 28 we propose to assess geographic and ecological features among Leptospira serovars in a 29 subtropical area of Brazil where Leptospirosis is endemic to (i) highlight environmental 30 conditions that facilitate or limit Leptospira spread and survival and (ii) reconstruct its 31 geographical distribution. An ecological niche modeling framework was used to characterize and 32 compare Leptospira serovars in both geographical and environmental space. Our results show 33 that, despite the geographic overlap exhibited by the different serovars assessed, we found 34 ecological divergence among their occupied ecological niches. Ecological divergences were 35 expressed as ranges of potential distributions and environmental conditions found suitably by 36 serovar, being Sejroe the most asymmetric. Most important predictors for the potential 37
expressed as ranges of potential distributions and environmental conditions found suitably by 36 serovar, being Sejroe the most asymmetric. Most important predictors for the potential 37 distribution of most serovars were soil pH (31.7%) and landscape temperature (24.2%).
38
Identification of environmental preferences will allow epidemiologists to better infer the 39 presence of a serovar based on the environmental characteristics of regions rather than inferences 40 based solely on historical epidemiological records. Including geographic and ecological ranges 41 of serovars also may help to forecast transmission potential of Leptospira in public health and INTRODUCTION 47 Leptospirosis is a major public health issue due to its high incidence and worldwide distribution 48 (Bharti et al., 2003; Abela-Ridder et al., 2010; Adler and Moctezuma, 2010) . Leptospirosis is a (Adler, 2014; Filho et al., 2014; 145 Alves et al., 2016; Dreyfus et al., 2018) . The antigens were stored at 28°C from 5 to 10 days in 146 EMJH (Ellinghausen and MCcullough, 1965) culture (Difco®-USA) that was enriched with 147 bovine albumin fraction V (Inlab®-Brasil) (Ellinghausen and McCullough, 1965) . Serum 148 samples were considered positive when MAT titers were ≥ 100. The ultimate reactive serovar 149 was determined by the election of the highest titer that was presented. In the presence of 150 coagglutinations, all serovars that were involved were considered positive (see Fig. S1 to see the 151 spatial information related to positive farms per serovar). 154 To define the study area extent for model calibration for each Leptospira serovar, we followed 155 the framework proposed by (Soberon and Peterson, 2005) , which restricts the ENM to ecological 168 The environmental variables used to estimate the distribution of Leptospira were selected based 169 on the described requirements of the bacterium, including survival in specific landscapes with 170 suitable temperature and humidity and presence of livestock (Wint and Robinson, 2007) . To 171 reconstruct the landscape structure we used Normalized Difference Vegetation Index (NDVI), a 172 satellite-derived variable resembling vegetation phenology and primary productivity commonly 173 used in ENM (Cook et al., 2008; Fajriyah et al., 2017) . We also used annual mean temperature, 174 precipitation, runoff (index that quantity of water discharged in surface streams), and wetness 175 index (defined as a steady-state wetness index), since higher incidences of leptospirosis are 176 related to warmer temperatures (Lau et al., 2010; Desvars et al., 2011; Chadsuthi et al., 2012) 177 and humid environments (Barcellos and Sabroza, 2001; Pappachan et al., 2004; Desvars et al., 10 2011; Ivanova et al., 2012) . In addition, we also included soil pH, since previous studies have 179 explored the importance of this variable in the survival of the bacteria outside the host (Smith et 180 al., 1961; Saito et al., 2013; Schneider et al., 2018) . Environmental variables were used at ~5 km 181 of spatial resolution at the equator (see Table S1 for details). Livestock presence was represented 182 by density of horses, cattle, and pigs (Gilbert et al., 2018) , which are known reservoirs and 183 amplifiers of leptospirosis (Lo et al., 2006) . To mitigate multicollinearity between environmental 184 variables, we used VIF (Variance Inflation Factors) implemented in the "usdm" R-package 185 (Naimi and Araújo, 2016); excluding highly correlated variables from the model (VIF > 7), since 186 this a signal of strong collinearity (Chatterjee and Hadi, 2015) . A detailed description of each 187 environmental variables, such as, description, source, reference and VIF value are presented in 188 (Table S1 ).
153

Selection of the model calibration region
Ecological Niche Models (ENMs)
189
ENMs were developed using a presence-background method that estimates 190 environmental suitability via an index of similarity that resembles a heterogeneous occurrence 191 process or logistic regression function (Phillips et al., 2006; Phillips and Dudík, 2008) . for each serovar were estimated as a Boolean (presence/absence) map that was thresholded based 205 on the minimum training presence method to generate binary maps without omission error 206 (Pearson et al., 2006) . Serological results of serovars were pooled to general genus-level models 207 (see Table S2 for the best for each set of occurrence data). These models were generated 208 following the protocols described above but focused on the percentage of the variable Ecological niche similarity among serovars 217 We assessed ecological similarities among models of Leptospira serovars by using four methods 218 based on geographic and environmental dimensions. First, similarity was measured using the 219 Schoener's D index (Schoener, 1968 ) that measures similarity between two ENMs in geographic 220 space based on probabilities outputs being similar in terms of the environmental conditions 221 12 available to them (Rödder and Engler, 2011). Schoener's D was estimated by comparing 222 Maxent-generated ENMs against a null distribution of default Maxent models, resulting in 223 similarity values ranging from 0, non-similar, to 1, highly similar. We followed the protocols 224 described by (Warren et al., 2008) and (Warren et al., 2010) . Second, we used the Jaccard 225 similarity index (Jaccard, 1912) that assesses similarity between two ENMs in environmental 226 space by measuring the volume and overlap of two ENMs (Escobar et al., 2015) . Volume of (Goodall, 1966; Real and Vargas, 1996) . In summary, we generated one Hebdomadis, Tarassovi, Pyrogenes. (Fig. S1 ). Occurrence of the 16 Leptospira serovars showed 248 considerable asymmetries among their geographic distribution (Fig. S1 ).
250
Ecological niche models (ENMs) 251 ENM results showed that central-northern areas in this study had suitable conditions for Uruguay, and Lagoa Mirim, between Brazil and northeastern Uruguay (Fig. 3A) . The Table S1 ).
283
Environmental drivers of serovars potential distribution 284 The final Leptospira ENM showed that soil pH (31.7%) and mean annual temperature (24.2%) 285 were the most influential predictors associated with Leptospira sero-positivity (Table 1) . 286 Response curves also suggested that as pH and temperature increased linearly the suitability 287 index for Leptospira presence (Fig. 4) . We identified the importance of variables related with 288 humidity wetness; index; runoff and precipitation in the distribution of Australis, Autumnalis, 289 Canicola, Celledoni, Pomona, Wolffi, Sejroe, and Tarassovi. Likewise, NDVI was the main 290 predictor for Grippotyphosa sero-positivity, while livestock production was observed to be the 291 most important predictor for serovar Sejroe sero-positivity (Table 1) . variables (x axis) and suitability values (y axis) are described for each serovar (left column).
299
Units, source, and details of each variable are found in Table 1 . Table S3 ). These considerable variations in the ecological niches between serovars were also 307 observed in the NicheA results, showing that the ecological niche of Leptospira is characterized 308 by asymmetries in the distribution of the different serovars in the environmental space. The niche 309 overlap was on average 0.16 ± 0.08 "Convex polyhedron" (CP) (Fig. 5B, Table S4 ) and 0.16 ± 310 0.09 "Minimum Volume Ellipsoid" (MVE) (Fig. 5C , Table S5 ). These values ranged from 0.01 Table S6 ).
317
Overall, higher asymmetries in the ecological niche were evidenced between the majority 318 of Leptospira serovars, these results were highly contrasted with the results based on the 319 geographical space (Schoener's (D) index) ( Fig. 5A and Table S3 ), while, the lowest similarity 320 values were observed in the comparison based on convex polyhedron (Fig. 4B ). emergence risk (Fig. 3) .
379
ENM is used to characterize environmental requirements of species and their potential 380 distribution s (Peterson, 2014; Peterson & Vieglais, 2001; Qiao et al., 2018 Table S1 . Variable selection and Variance Inflation Factor analysis (VIF) to assess spatial 726 multicollinearity. 
